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Abstract.
Lianas are a common plant growth form in tropical forests, where they
compete intensely with trees, decreasing tree recruitment, growth, and survival. If the
detrimental effects of lianas vary significantly with tree species identity, as is often assumed,
then lianas may influence tree species diversity and community composition. Furthermore,
recent studies have shown that liana abundance and biomass are increasing relative to
trees in neotropical forests, which will likely magnify the detrimental effects of lianas and
may ultimately alter tree species diversity, relative abundances, and community composition.
Few studies, however, have tested the responses of multiple tree species to the presence
of lianas in robust, well-replicated experiments. We tested the hypotheses that lianas reduce
tree seedling growth and survival, and that the effect of lianas varies with tree species
identity. We used a large-scale liana removal experiment in Central Panama in which we
planted 14 replicate seedlings of 14 different tree species that varied in shade tolerance in
each of 16 80 × 80 m plots (eight liana-removal and eight unmanipulated controls; 3136
total seedlings). Over a nearly two-yr period, we found that tree seedlings survived 75%
more, grew 300% taller, and had twice the aboveground biomass in liana-removal plots
than seedlings in control plots, consistent with strong competition between lianas and tree
seedlings. There were no significant differences in the response of tree species to liana
competition (i.e., there was no species by treatment interaction), indicating that lianas had
a similar negative effect on all 14 tree species. Furthermore, the effect of lianas did not
vary with tree species shade tolerance classification, suggesting that the liana effect was
not solely based on light. Based on these findings, recently observed increases in liana
abundance in neotropical forests will substantially reduce tree regeneration, but will not
significantly alter tropical tree species diversity, relative abundance, or community
composition.
Keywords: Barro Colorado Island; community ecology; Gigante Peninsula; liana cutting; Panama; tropical plant competition.

INTRODUCTION
Tropical forests comprise 7% of the earth’s land
surface, but they contain more than half of the world’s
species and are responsible for >30% of aboveground
terrestrial productivity and carbon storage (Gibbs et al.
2007, Bonan 2008, Beer et al. 2010, Pan et al. 2011).
Historically, the major threats to tropical forests have
been logging, mining, and farming, which have greatly
reduced the extent of tropical forests worldwide (Wright
2005, 2010, Laurance et al. 2009). Mature tropical
forests that escaped the direct effects of human activity,
however, may be experiencing indirect effects of global
change. One of the prominent large-scale structural
changes occurring in many neotropical forests is the
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increase in the density, biomass, and productivity of
lianas (Phillips et al. 2002, Schnitzer and Bongers
2011). There is evidence of liana increases in forests
in Bolivia, Brazil, Costa Rica, French Guiana, Panama,
and the southeastern United States (Schnitzer 2015).
Combined, these studies demonstrate that, relative to
trees, lianas are increasing in seedling and adult stem
density, basal area, and productivity in neotropical
forests, which is likely to increase the competitive
effects of lianas on trees (Schnitzer et al. 2011).
Strong competition from lianas may structure tree
communities by altering tree species diversity, community composition, and the relative abundance of
tree species. Lianas compete intensely with trees for
above- and belowground resources, decreasing recruitment, growth, survival, and reproduction of trees
throughout the forest (Carsten et al. 2002, Schnitzer
and Bongers 2002, Kainer et al. 2006, Kurzel et al.
2006, Peña-Claros et al. 2008, van der Heijden and
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Phillips 2009, Schnitzer and Carson 2010, Wright et al.
2015). However, lianas may not affect all trees equally.
Lianas appear to have a strong negative effect on
shade-tolerant trees, but perhaps a relatively weak
effect on select pioneer trees. For example, some gapspecialist trees, particularly those that grow rapidly,
have slender and flexible trunks with very few branches
(e.g., Cecropia spp.), appear to suffer relatively low
liana infestation (Putz 1984, Clark and Clark 1990),
and regenerate readily in treefall gaps (Schnitzer et al.
2000, Schnitzer and Carson 2010). However, the vast
majority of the tree species in tropical forests lack
these liana-avoiding characteristics, and they may commonly suffer from intense liana competition (Schnitzer
et al. 2000, 2005, van der Heijden et al. 2008, Ingwell
et al. 2010, Schnitzer and Carson 2010). If the strength
of liana competition varies with species identity beyond
the select gap-specialist vs. shade-tolerant tree dichotomy, then lianas may influence tree community composition by altering the competitive ability of tree
species (Schnitzer and Bongers 2002). Furthermore,
the effects of lianas on tree community composition
will likely intensify as liana abundance increases in
neotropical forests (Schnitzer 2015). However, whether
the vast majority of tree species, beyond a small group
of select gap-specialists, have a species-specific response
to lianas, remains poorly understood (van der Heijden
et al. 2008, Ingwell et al. 2010, Álvarez-Cansino et al.
2015, Wright et al. 2015).
Several studies have suggested that the impact of
lianas on tree species, particularly at the seedling stage,
varies with tree species identity, and thus lianas can
change tropical forest community composition by changing recruitment dynamics among tree species (e.g.,
Chittibabu and Parthasarathy 2001, Pérez-Salicrup 2001,
Wright et al. 2015). For example, in a lowland liana
forest in Bolivia, experimental liana removal resulted
in significantly higher seedling growth for Astronium
fraxinifolium compared to Clarisia ilicifolia, suggesting
that lianas hinder the seedling growth of some tree
species more than others (Pérez-Salicrup 2001). Similar
results were found by Toledo-Aceves and Swaine (2008)
in a tropical moist semi-deciduous forest in Ghana,
where the liana Acacia kamerunensis had a greater negative impact on the seedling growth of the tree Khaya
anthotheca compared to two other tree species, indicating
that lianas could modify tree species’ capacity to establish
and regenerate. Likewise, using a target tree-based liana
removal in central Panama, Wright et al. (2015) reported
that lianas significantly reduced tree seedling growth,
and this effect was strongest during the dry season for
one of the three tree study species. By contrast, other
experimental liana removal studies have reported that
lianas suppressed all tree seedlings/saplings, regardless
of tree species identity (e.g., Schnitzer et al. 2005). Until
now, however, highly replicated experimental approaches
to test the responses of seedlings of multiple tree species
to liana competition in tropical forests have been lacking.

Previous studies either examined very few tree species,
a relatively small number of replicates per treatment,
or used a small-scale liana removal manipulation (PérezSalicrup 2001, Schnitzer et al. 2005, Toledo-Aceves and
Swaine 2008, Wright et al. 2015), thereby lacking the
ability to determine whether the effects of lianas vary
broadly with tree species identity.
We investigated the effect of lianas on the survival
and growth of seedlings of 14 tropical tree species in
a seasonal moist tropical forest in Central Panama.
We transplanted 14 replicate seedlings of each species
into the center of large areas (80 × 80 m) of forest
in which we had recently removed all lianas and into
unmanipulated control plots where lianas were present.
We tested two main hypotheses. H1) Lianas reduce
tree seedling survival and growth. H2) The strength
of the effect of liana competition varies with tree species
identity. To interpret the type of competition that lianas
may impose on tree seedlings, we formulated two specific predictions, assuming that hypothesis 1 is true.
Prediction 1: If the response of tree species varies
predictably with their shade-tolerance classification, so
that shade-tolerant species are less sensitive to liana
removal than are partially shade-tolerant species (sensu
Kitajima 1994), then liana removal is likely to have
the greatest effect on the performance of partially
shade-tolerant tree seedlings by increasing light availability. If so, as light in the understory returns to
pre-cutting conditions by trees compensating for the
loss of liana leaves (M. E. Rodriguez-Ronderos and
S. A. Schnitzer, unpublished manuscript), the effect of
liana removal may be the result of the short-term
increase in light availability, and therefore transient.
Prediction 2: If the response of tree species does
not vary in a predictable way with their shade-tolerance
classification, then lianas affect tree seedlings via a
mechanism other than solely the reduction of light in
the understory (e.g., some change in the abiotic
environment, belowground competition, or a combination of below- and aboveground competition).
Alternatively, if the response of trees to liana removal
does not vary with species identity for any of the 14
species, then H2 is not supported, and recent increases
in liana abundance should not fundamentally alter tree
species diversity or community composition.
METHODS
Study site
We conducted the study on Gigante Peninsula, which
is part of the Barro Colorado Natural Monument
(BCNM, 09°10′ N, 79°51′ W) in the Republic of
Panama. The BCNM is a 5400-ha protected area of
lowland semi-deciduous tropical forest, administered
by the Smithsonian Tropical Research Institute. Mean
annual precipitation in the area is 2600 mm, with a
pronounced dry season from December until late April
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(Windsor 1990, Leigh 1999). The forest on Gigante
Peninsula is a mix of early and late secondary, seasonally moist, lowland tropical forest and is located
immediately to the south of Barro Colorado Island
(BCI) (Schnitzer and Carson 2010, Schnitzer et al.
2014, Álvarez-Cansino et al. 2015). Soils of the Gigante
Peninsula are oxisols and alfisols with high nitrogen
and phosphorus availability (Cavelier 1992, Yavitt
2000). The climate, geology, vegetation, and ecological
characteristics of the forest on the BCNM are described
by Croat (1978), Windsor (1990), and Leigh (1999).
Experimental design and measurements
In 2008, we established 16 80 × 80 m experimental
plots in ~60-yr-old forest on Gigante Peninsula. We
selected plots in relatively flat areas that were not
bisected by streams and that had similar forest structure in terms of the density and basal area of trees
and lianas. All plots were oriented toward magnetic
north. In each plot, we tagged, mapped, measured
the diameter, and identified to species all trees ≥20 cm
diameter and lianas ≥5 cm diameter, as well as all
trees and lianas ≥1 cm diameter within the 60 × 60 m
center area (>24 000 trees in all plots, >9000 rooted
lianas in the control plots).
In April 2011, we cut all of the lianas in eight randomly selected plots, while the remaining eight plots
served as unmanipulated controls. We cut all lianas
above the soil surface throughout the 80 × 80 m area,
as well as all lianas that were rooted outside but were
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growing into the plot. We did not remove lianas from
trees because of the risk of damaging tree crowns.
Rather, we allowed them to fall from the trees as they
decayed. Although the leaves of cut lianas fell within
the first week, cut lianas do not die immediately; instead,
they tend to produce copious new stems. Thus we
monitored the plots and cut re-sprouting liana shoots
every 2 months throughout the study to maintain the
liana removal treatment (methods follow Schnitzer and
Carson 2010, Schnitzer et al. 2014). Liana re-sprouting
diminishes with time, and after the first year there
were few vigorous new stems. We visited the unmanipulated control plots at the same frequency as the
liana removal plots to avoid a researcher visitation
effect (e.g., Cahill et al. 2001, Schnitzer et al. 2002).
During July and August 2011, we transplanted 14
replicate seedlings of 14 target tree species (196 seedlings) into a 5 × 5 m plot located in the center of
each 80 × 80 m plot (3136 total tree seedlings across
all 16 plots). Seedling plots were placed in the same
relative location within each of the 16 main plots
(10 m south of the center of the plot), regardless of
the vegetation present; however, we relocated the plots
slightly if there was a large tree in the middle of the
proposed seedling plot. We did not remove or alter
vegetation in the 5 × 5 m plots before or after the
tree seedlings were transplanted, except to cut liana
sprouts when present in the liana-removal plots. Tree
seedling species selection was based on differences in
shade tolerance (from moderate to highly shade tolerant), adult stature, and leaf phenology (Table 1).

TABLE 1. Description of the 14 tropical tree species used in this study, listed in alphabetic order, with scientific and family names,
species code as used in the text.
Species

Family

Sp. Code

AS

WD

LP

RST

ALB

10–20

0.50

SD

PST

Albizia spp.

Fabaceae

Anacardium excelsum

Anacardiaceae

ANAE

40

0.41

D

PST

Bombacopsis quinnata

Bombacaceae

BOMQ

25–35

0.51

D

ST

Bursera simaruba

Burseraceae

BURS

5–20

0.34

D

PST

Cedrela odorata

Meliaceae

CEDO

0.38

D

ST

Crescentia cujete

Bignoniaceae

CREC

6–10

0.60

E

PST

Dalbergia retusa

Leguminosae

DALR

20–30

0.89

D

ST

Diphysa americana

Fabaceae

DIPA

5–15

0.96

D

ST

Hura crepitans

Euphorbiaceae

HURC

45

0.41

SD

PST

30

Spondias mombin

Anacardiaceae

SPOM

10–35

0.41

SD

PST

Sterculia apetala

Sterculiaceae

STEA

40

0.36

D

PST

Swietenia macrophylla

Meliaceae

SWIM

50

0.54

D

PST

Tabebuia rosea

Bignoniaceae

TABR

10–30

0.54

D

PST

Terminalia amazonia
Combretaceae
TERA
50
0.69
SD
PST
Notes: Adult stature (AS; meters), wood density (WD; g/cm3), leaf phenology (LP; SD = semi-deciduous; D = deciduous;
E = evergreen) and range of shade tolerance (PST = partially shade-tolerant; ST = shade-tolerant). Adult stature and woody density
values were obtained from Reyes et al. (1992). Shade tolerance classifications (RST) were based on the following sources: Croat
(1978), Stevens (1987), Nichols (1994), Cordero and Kanninenc (2002), Hooper et al. (2002), Kitajima (2002), Wishnie et al. (2002),
Poorter et al. (2006), Zahawi and Holl (2009), Celis and Jose (2011).
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Seeds were germinated and seedlings grown in small
pots in a shaded environment. We transplanted all
individuals into the forest understory with a small
amount of nursery soil when they were 5 months old.
Seedlings were planted in a grid 25 cm from their
nearest neighbor, and each individual was tagged loosely
with a unique number. The location of each seedling
was assigned randomly in every plot to avoid biases
at the species level.
After a four-month establishment period, we quantified seedling mortality monthly from January 2012
until May 2013. We recorded tree seedlings as dead
when the seedling was completely missing, or when
the seedling was present but appeared to be dead.
Data were corrected in the rare cases of apparent
resurrection, where a seedling re-sprouted after being
recorded as dead. We measured seedling height and
counted the number of leaves at the beginning of the
dry season (January) and at end of the dry season
(May) in 2012 and in 2013. We measured seedling
height vertically from the forest floor to the highest
apical meristem of the plant.
In May 2013, we harvested all seedlings by cutting
the stems immediately below the root collar.
Immediately after cutting the seedlings, we put them
on ice and transported them the same day to the
laboratory for processing. In the laboratory, we
separated each plant into leaves and stems. We
measured total leaf area and total fresh and dry
mass of leaves and stems separately for all seedlings.
We oven-dried leaves and stems at 60°C for 48 h
(leaves) and 72 h (stems) prior to weighing to determine dry mass. We recorded leaf area (LA; square
millimeters) with a Li-COR LI-3100C leaf area meter
(Biosciences, Lincoln, Nebraska, USA), frequently
calibrating the area meter by using a sample of
known area before measuring. We quantified
aboveground biomass (BIOM; total dry aboveground
plant mass; grams) and leaf area (LA; total leaf
area per individual per species; square centimeters)
in all plots to determine the effect that liana removal
had on seedling growth. We also measured specific
leaf area (SLA; leaf area/dry leaf mass; in square
centimeters per gram) among treatments to determine
if species changed their leaf construction in response
to the presence of lianas.

Data analysis
Tree seedling survival.—We analyzed survivorship using nonparametric Kaplan–Meier survival distribution
functions, which describe the probability that an individual survives longer than a specified period of time. We
used nonparametric log-rank tests to test for significant
differences in seedling survival probabilities between
the liana-removal and control treatments. To determine
whether the effect of lianas on tree survival varied with

tree species identity, we calculated for each species the
proportional survivorship at each census period as the
number of individuals that survived between consecutive
censuses divided by the total number of individuals alive
in the previous census. We then analyzed seedling survival using a linear mixed model for repeated measures,
with treatment (liana removal and control) and species
identity as fixed factors, and census period as a random
effect.
Tree seedling growth.—We quantified the growth of
each seedling by calculating the relative growth rate in
height (RGRh, centimeters per centimeter per month)
using the formula: RGRh = [ln(ht1) − ln(ht0)]/(t1 − t0),
where ht1 is the seedling height (centimeters) in a given
census, ht0 is the seedling height (centimeters) in the previous census, and t1 − t0 was the difference in months
between sampling census. Since growth was measured
on the same plants over time, we analyzed all 14 species
together using a linear mixed model for repeated measures to examine the effect of treatment, species identity,
and the two-way interactions for RGRh and leaf production rate (LPR; leaf per leaf per month). We also compared seedling aboveground biomass (BIOM), leaf area
(LA), and specific leaf area (SLA) between control and
liana-removal plots using two-way ANOVAs, with treatment and species identity as independent variables, and
BIOM, LA, and SLA as dependent variables. Data were
log10-transformed before analyses to increase normality
and homogeneity of variance when it was necessary to
satisfy the assumption of ANOVA. All statistical analyses were conducted with SPSS Statistics 20 (IBM SPSS
2011).
RESULTS
Effects of lianas on tree seedling survival
After 17 months, survival of tree seedlings was
75% higher in liana removal than in control plots,
demonstrating that liana removal significantly increased tree seedling survival (Kaplan–Meier test,
χ2 = 21.65, P < 0.001; Fig. 1). Tree seedling survival
was higher in the liana-removal plots compared to
control plots for 13 species, and only Swietenia macrophylla survived slightly (but not significantly) better
in control plots (Appendix S1). The lack of a significant treatment × species interaction for seedling
survivorship indicated that all species responded to
liana competition in a similar manner (repeated measures ANOVA, F = 0.54, df = 13, P = 0.90). Seedling
mortality appeared to vary with season and was 61%
higher in the control plots compared to the lianaremoval plots during the first dry season, 33% higher
in the second dry season, and 22% higher during
the intervening wet season (Fig. 2); however, differences in seedling mortality during the wet season
and the second dry season were not statistically
significant.
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FIG. 1. Kaplan-Meier survival function for tree seedlings in 16 80 × 80 m liana removal and control plots on Gigante Peninsula,
Panama throughout the study period (January 2012–May 2013). Tree seedling survival was significantly lower in the presence of
lianas than in liana-free plots, demonstrating that lianas reduce tree seedling survival in the forest understory.

FIG. 2. Mean proportional mortality of tree seedlings over subsequent censuses in 16 80 × 80 m liana-removal and control plots
on Gigante Peninsula, Panama. Seedling mortality was significantly greater in the presence of lianas than in plots where lianas had
been removed. The effect of lianas on tree seedling mortality was strongest during the dry seasons, particularly in the first year.
Error bars represent ±1 SE.

220

LAURA MARTÍNEZ-IZQUIERDO ET AL.

Effects of lianas on tree seedling growth, biomass, and
leaf area
The presence of lianas significantly reduced tree
seedling relative height growth, aboveground biomass,
and leaf area over the 2-yr period. During the initial
dry season, mean tree RGRh was 300% higher in
liana-removal plots compared to control plots (Table 2,
Fig. 3). These differences became smaller during the
subsequent wet and dry seasons as the plants became
more established (Fig. 3). Nonetheless, mean seedling
aboveground biomass at the final harvest was >100%
greater in liana removal than in control plots
(2.26 ± 0.15 g vs. 1.06 ± 0.24 g; ANOVA, F = 20.12,
df = 1, P < 0.001). Mean seedling leaf area was nearly
100% greater in the liana-removal plots compared to
control plots (2.51 ± 0.18 cm2, 1.36 ± 0.28 cm2;
ANOVA, F = 20.12, df = 1, P = 0.04). Specific leaf
area and leaf production rate did not differ between
treatments (ANOVA, F = 2.22, df = 1, P = 4.15 and
Table 2, respectively). Nearly all species exhibited
greater height growth in the liana removal plots than
in control plots (Appendix S2), and the lack of a
significant treatment by tree species interaction for
RGRh (Table 2) indicated that all species responded
similarly.
DISCUSSION
Our findings demonstrate that lianas compete intensely with tree seedlings, significantly reducing their
growth and survival in the forest understory. Over
the study period, tree seedlings growing in the absence
of lianas had significantly higher survival (~75% higher),
height growth (~300% higher), aboveground biomass
(~100% higher), and leaf area (~100% higher) than
did seedlings growing in the presence of lianas. These
findings support the hypothesis that lianas compete
intensely with tree seedlings, and confirm the results
of previous liana-removal experiments that examined
a range of tree life history stages (seedling, sapling,
and adult; Pérez-Salicrup 2001, Schnitzer et al. 2005,
Peña-Claros et al. 2008, Toledo-Aceves and Swaine
2008, Schnitzer and Carson 2010, Tobin et al. 2012,
Álvarez-Cansino et al. 2015, Toledo-Aceves 2015).
Table 2. Result of linear mixed model for repeated measures
analysis for the effects of treatment, species, and interaction
on the relative height growth rate of tree seedlings (RGRh)
and leaf production rate (LPR) for all 14 species in Gigante
Peninsula, Panama.
Factors

RGRh
df

F

LPR
P

df

F

P

Intercept

1

0.13

0.72

1

169.61 0.00

Treatment

1

4.76

0.03

1

0.12

0.73

Species

13

4.25

0.00

13

28.29

0.00

Treatment × species

13

0.82

0.64

13

1.55

0.09
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Our data do not support the hypothesis that the
negative effect of lianas varies with species identity.
The 14 tree species in our study differed significantly
in their rates of survival, growth, and leaf production
in the understory (Table 2), which would be expected
based on their varying life history characteristics. The
species vary fivefold in maximum canopy height as
adults (10–50 m), nearly threefold in wood density
(0.36–0.96 g/cm3), and they differ in shade tolerance
(partially shade tolerant vs. shade tolerant (Table 1).
Despite these large differences, however, all of the
species responded similarly to the liana removal treatment (i.e., there were no significant treatment by species
interactions; Table 2), indicating that lianas did not
have a species-specific effect on tree seedling growth
or survival.
Previous experimental studies on the species-specific
response of trees to liana competition have yielded
mixed results. For example, several studies examined
the effects of lianas on seedlings of three tree species,
and all reported that one tree species differed from
the response of the other two (Pérez-Salicrup 2001,
Toledo-Aceves and Swaine 2008, Wright et al. 2015).
By contrast, Schnitzer et al. (2005) removed lianas
from tree saplings and found that lianas competed
intensely with all three tree species examined, reducing
sapling growth by more than five-fold after 2 yr. The
study by Wright et al. (2015) was unique in that it
used a target-tree approach in which they removed
lianas from around a single target tree and examined
the response of planted seedlings below. The target
tree approach may have resulted in a much more
diffuse effect of liana removal, because lianas can
deploy their leaves in the crowns of multiple trees,
and thus only a portion of the lianas leaves may have
been in the canopy of the target-tree (see Discussion
in Wright et al. 2015). By contrast, Álvarez-Cansino
et al. (2015) examined sap velocity of replicate adults
of seven canopy tree species in a subset of six of the
same 80 × 80 m experimental plots used in the current
study (three liana removal and three control) and found
that the negative effect of lianas did not vary with
tree species identity. Our study differs from previous
ones in that we used many more species, all with
high replication, and we conducted the study within
the context of a large-scale, community-level liana
removal experiment that integrated the effects of lianas
across a large area. Collectively, these studies suggest
that lianas have a generally negative effect on tree
species, regardless of their identity and ontogenetic
stage.
The negative effect of lianas on tree seedlings in
this study was not caused by direct physical interactions such as mechanical loading, abrasion, and strangulation (Vleut and Pérez-Salicrup 2005) because none
of the seedlings hosted lianas. Instead, the effect of
liana removal on tree seedling growth and survival
could have been due to the increase in light in the
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FIG. 3. (A) Tree seedling relative height growth rate (RGRh; cm·cm−1·month−1) and (B) leaf production rate (LPR; leaf·leaf−1·month−1)
in 16 80 × 80 m liana removal and control plots on Gigante Peninsula, Panama. Mean RGRh decreased significantly in the presence
of lianas, and the effect was particularly strong during the first dry season. Mean LPR did not differ between treatments. Error bars
represent ±1 SE, and the values inside the bars represent the means.

understory, which benefited all tree species in the study.
Light is a major environmental factor that limits survival and growth of tree seedlings in tropical forests.
In general, <2% of the radiation above the canopy
reaches the forest floor (Kitajima 1994, Clark et al.
1996). Once lianas become established in the crown
of their host tree, the liana foliage blankets the host’s
leaves and branches, which significantly reduces light
availability (liana leaves displace tree leaves on a 1-to-1
mass basis; Kira and Ogawa 1971). Lianas may also

effectively cover portions of the space between tree
crowns, thus further attenuating light in the understory.
In our study plots, mean plot level leaf area index
(LAI) decreased by 20% 1 yr after cutting lianas,
compared to the control plots (M. E. Rodriguez and
S. A. Schnitzer, unpublished data). By March 2013,
2 yr after cutting lianas, mean LAI in the liana-removal
and control plots was much more similar (5.44 vs.
5.96), and there was no longer a significant LAI treatment effect (although the mean light level was still
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nearly 10% higher in the liana removal plots [M. E.
Rodriguez and S. A. Schnitzer, unpublished data]).
Thus, the increased amount of light in the liana-removal
plots may have been responsible for greater tree seedling growth and survival.
The increase in light alone, however, may not have
been responsible for the negative effect of lianas on
tree seedlings. If light availability alone had been the
driving factor for the strong response in tree seedling
growth and mortality following liana removal, we would
have expected seedlings to respond in a manner consistent with their shade tolerance classification. That
is, partially shade-tolerant species would have grown
and survived more, on average, than shade-tolerant
species in the liana-removal plots compared to the
controls (Kitajima 1994). This prediction, however, was
not supported. Seedling growth and survival was consistently higher in liana-removal plots for nearly all
tree species, and neither growth nor survival was higher
for partially shade-tolerant species than for shadetolerant species (Appendices S1 and S2).
The lack of a distinct response between the shadetolerant and partially shade-tolerant species indicates
that factors other than light may have contributed
to tree seedling responses to liana removal. One possibility is that lianas are competing intensely with
trees for belowground resources. There is compelling
evidence for intense belowground competition between
lianas and trees, particularly in tropical forests that
experience seasonal droughts (e.g., Lewis and Tanner
2000, Schnitzer et al. 2005, Tanner and Barberis 2007,
Chen et al. 2008, Toledo-Aceves and Swaine 2008,
Toledo-Aceves 2015). Lianas appear to have welldeveloped root and vascular systems, which presumably allow them to take up water and nutrients from
the forest floor and transport them efficiently to their
crowns (Pérez-Salicrup and Barker 2000, Andrade
et al. 2005, Schnitzer 2005). For example, sap flow
velocity of adult canopy tree species on Gigante
Peninsula increased significantly in plots where lianas
were cut compared to control plots, and this effect
was particularly strong during the dry season (Tobin
et al. 2012, Álvarez-Cansino et al. 2015). Wright et al.
(2015) found that lianas had a particularly strong
negative effect on seedlings of Dipteryx oleifera during
the dry season compared to the wet season. Strong
belowground competition from lianas is consistent
with studies demonstrating that lianas are able to
access water and grow much faster than trees during
seasonal droughts (e.g., Schnitzer 2005, Cai et al.
2009, Chen et al. 2015). In our study, tree seedling
survival during the first and second dry seasons was
61% and 33% higher in the liana removal plots compared to the control plots, and only 22% higher
during the intervening wet season (Fig. 3), a finding
that is consistent with intense belowground competition from lianas during the dry season. As light
levels in the liana removal and control plots converge,
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future studies in this ongoing, long-term experiment
will allow us to examine the unique competitive effect
of lianas on tree seedlings independent of the effect
of light.
Because of the unique competitive ability of lianas,
we believe that removing lianas is different than
removing a similar amount of tree biomass. In a
previous study on Gigante Peninsula, we found that
cutting lianas had a large and significantly negative
effect on target trees, but that cutting the same amount
of biomass of nearby trees had little effect on target
trees (Tobin et al. 2012). Furthermore, the competitive
release from liana cutting can last many years, even
after the tree community has had sufficient time to
recover from liana removal (Schnitzer and Carson
2010, Schnitzer et al. 2014). The unique competitive
ability of lianas may be attributable to their strategy
of allocating more energy to resource capture (root
and stem elongation and leaf production) rather than
structure (self-supporting stems or anchoring roots;
Wyka et al. 2013), as well as their ability to reach
the forest canopy and compete with canopy trees at
very small stem diameters (Kurzel et al. 2006). This
strategy appears to allow lianas to compete intensely
at a fraction of the biomass investment compared
to trees (van der Heijden et al. 2013, Schnitzer et al.
2014).
In summary, lianas compete intensely with trees and
appear to limit tree seedling regeneration, likely through
a combination of above- and belowground competition.
However, we found no evidence to support the claim
that the competitive effect of lianas varies with tree
species identity. Our findings are consistent with strong
negative effects of lianas on tree seedlings, saplings,
and adults, regardless of tree species identity. Thus,
the reported increase in liana density and biomass in
many neotropical forests (Schnitzer and Bongers 2011,
Schnitzer 2015) may depress the regeneration and vitality of many tropical tree species, but there is currently little evidence that increasing lianas will
significantly alter tree species relative abundance or
community composition.
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